Vital capacity and residual lung volume (in terms of 1/min or ml/m 2 of body surface area) of 357 subjects (205 males, 152 females) was evaluated in La Paz, Bolivia, situated at 3,750 m. The sample included: (1) 37 high altitude rural natives (all male), (2) 125 high altitude urban natives (69 male, 58 female), (3) 85 Bolivians of foreign ancestry acclimatized to high altitude since birth (40 male, 45 female), (4) 63 Bolivians of foreign ancestry acclimatized to high altitude during growth (30 male, 33 female), and (5) 47 non-Bolivians of either European or North American ancestry acclimatized to high altitude during adulthood (24 male, 23 female). Results indicate that (1) all samples studied, irrespective of origin or acclimatization status, have larger lung volumes than those predicted from sea level norms; (2) the high altitude rural natives have significantly greater lung volumes (vital capacity and residual lung volume) than the high altitude urban natives and all the non-native high altitude samples; (3) males acclimatized to high altitude since birth or during growth attain similar lung volumes as high altitude urban natives and higher residual lung volumes than subjects acclimatized to high altitude during adulthood but lower than the high altitude rural natives; (4) females acclimatized to high altitude since birth or during growth attain similar lung volumes as subjects acclimatized to high altitude during adulthood; (5) age at arrival to high altitude is inversely related to residual lung volume but not vital capacity; (6) among subjects acclimatized to high altitude during growth, approximately 20-25% of the variability in residual lung volume can be explained by developmental factors; (7) among high altitude rural and urban natives, it appears that approximately 20-25% of the variability in residual lung volume at high altitude can be explained by genetic traits associated with skin reflectance and genetic traits shared by siblings; and (8) vital capacity, but not the residual lung volume, is inversely related to occupational activity level. Together these data suggest that the attainment of vital capacity at high altitude is influenced more by environmental factors, such as occupational activity level, and body composition than developmental acclimatization. On the other hand, the attainment of an enlarged residual volume is related to both developmental acclimatization and genetic factors. Am. J. Hum. Biol. 9:191-203, 1997. ᭧ 1997 A prominent feature of high altitude na-ences, or simply reflects population differences in adaptation based on environmental tives residing in the Himalayas and the Andes is their enlarged lung volume (Hurtado, factors. In other words, the extent to which 1932, 1964 Frisancho, 1969; Mueller et al., 1978; Greksa et al., 1987; Droma et al., *Correspondence to: Dr. A. Roberto Frisancho, Center for Hu-1991). An ongoing question is the extent to man Growth and Development, 300 N. Ingalls, University of which this characteristic reflects differences Michigan, Ann Arbor, MI 48109-0406. Received 23 March 1995; accepted 16 March 1996. in acclimatization based on genetic differ-ᮊ 1997 Wiley-Liss, Inc.
acclimatized to high altitude during growth (30 male, 33 female), and (5) 47 non-Bolivians of either European or North American ancestry acclimatized to high altitude during adulthood (24 male, 23 female). Results indicate that (1) all samples studied, irrespective of origin or acclimatization status, have larger lung volumes than those predicted from sea level norms; (2) the high altitude rural natives have significantly greater lung volumes (vital capacity and residual lung volume) than the high altitude urban natives and all the non-native high altitude samples; (3) males acclimatized to high altitude since birth or during growth attain similar lung volumes as high altitude urban natives and higher residual lung volumes than subjects acclimatized to high altitude during adulthood but lower than the high altitude rural natives; (4) females acclimatized to high altitude since birth or during growth attain similar lung volumes as subjects acclimatized to high altitude during adulthood; (5) age at arrival to high altitude is inversely related to residual lung volume but not vital capacity; (6) among subjects acclimatized to high altitude during growth, approximately 20-25% of the variability in residual lung volume can be explained by developmental factors; (7) among high altitude rural and urban natives, it appears that approximately 20-25% of the variability in residual lung volume at high altitude can be explained by genetic traits associated with skin reflectance and genetic traits shared by siblings; and (8) vital capacity, but not the residual lung volume, is inversely related to occupational activity level. Together these data suggest that the attainment of vital capacity at high altitude is influenced more by environmental factors, such as occupational activity level, and body composition than developmental acclimatization. On the other hand, the attainment of an enlarged residual volume is related to both developmental acclimatization and genetic factors. Am. J. Hum. Biol. 9:191-203, 1997 . ᭧ 1997 A prominent feature of high altitude na-ences, or simply reflects population differences in adaptation based on environmental tives residing in the Himalayas and the Andes is their enlarged lung volume (Hurtado, factors. In other words, the extent to which 1932 , 1964 Frisancho, 1969; Mueller et al., 1978; Greksa et al., 1987; Droma et al., this characteristic is acquired or genetic is to high altitude during adulthood (AHAA) (24 male, 23 female) not well defined. In an earlier study, the hypothesis was advanced that the enlarged lung volume of high altitude natives is the Anthropometry result of a developmental adaptation to high
The subjects were evaluated through stanaltitude hypoxia (Frisancho, 1975) . This hy-dard anthropometric techniques (Weiner pothesis was based upon the finding that and Lourie, 1981; Frisancho, 1990) , which Peruvian sea level subjects, raised since included stature and weight. The body mass childhood at high altitude, attained lung vol-index (BMI, kg/m 2 ) was computed. Body surumes similar to high altitude natives, but face area was estimated using the equation Peruvian and U.S. sea level natives, who of DuBois and DuBois (1916) . Measureresided at high altitude for as long as 2 years, ments of skin reflectance were made with a attained lower lung volumes than the high Photovolt Reflectometer, Model 575. Realtitude natives. Due to the fact that there flectance readings were made following the has been a great deal of admixture among same procedures used in a previous study Peruvian populations, it is possible that the (Frisancho et al., 1981) . This included measimilarity between the sea level Peruvians surements with two filters identified as triraised (during childhood) at high altitude amber and trigreen. The filters have transand the high altitude natives may be due to mission peaks of approximately 600 nm their genetic similarities rather than reflect (triamber) and 550 nm (trigreen) (Conway a developmental factor. One productive way and Baker, 1972; Frisancho et al., 1981) . At of answering this question is to study popu-least two readings at the inner arm distal lations who do not share the same genetic to the axillary region were obtained for each makeup as the high altitude natives. For participant. Reflectance readings given by this reason, the lung function of foreigners both filters were averaged for each subject. (Europeans and North Americans) acclimatized to high altitude during adulthood, BoLung function livians of foreign ancestry acclimatized to high altitude either since birth or during Lung volume and capacity values were obtained by the technical personnel of the Regrowth, and high altitude natives living in the rural and urban areas of La Paz, Bolivia spiratory Department of the Instituto Boliviano de Biología de Altura (IBBA) situated at was studied.
an altitude of 3,750 m. Measurements were METHODS AND MATERIALS taken using a recording 13 lite spirometer Sample (Warren Collins, Braintree, MA) while subjects were in a sitting position and followed Lung volumes were evaluated in 357 subjects (205 males and 152 females), 13-49 the general guidelines given with the instrument for measurements using helium. In years of age, who were exposed to high altitude either since birth, during growth, or at view of the fact that measurements of lung function taken at IBBA are considered the adulthood, as well as high altitude natives living in the urban and rural areas of La standard reference for high altitude studies in the Andes, their protocols were strictly Paz, Bolivia. The study included five samples (Table 1): followed. The present study reports on three measurements: vital capacity, residual lung volume, and total lung volume. Total lung 1. 37 high altitude rural natives (HARN) residing in the village of Taucachi situ-capacity was calculated as the sum of vital capacity and residual volume. ated at 4,100 m outside of La Paz 2. 125 high altitude urban natives Vital capacity. After the spirometer was filled with a sufficient amount of oxygen, (HAUN) (69 male, 58 female) 3. 85 Bolivians of foreign ancestry accli-the subject (in a sitting position) breathed normally into a mouthpiece for about 3 minmatized to high altitude since birth (AHAB) (40 male, 45 female) utes, during which time the tidal volume and respiratory frequency were measured. The 4. 63 Bolivians of foreign ancestry acclimatized to high altitude during growth product of these two values gives ventilation per minute. The subject was asked to take (AHAG) (30 male, 33 female) 5. 47 non-Bolivians of either European or a deep breath and a forceful expiration and inspiration. This task was performed at least North American ancestry acclimatized Occupational activity (1-3) three times, and the highest value was rected for BTPS) were expressed in ml/m 2 of chosen.
body surface area. Residual volume. The measurement of residual volume included evaluations of funcEstimates of altitude-associated effects tional residual capacity (FRC), which was obtained by computation:
To determine the altitude-associated effects on lung volumes, the lung volumes of each subject were also compared with lung FRC ϭ V added ϫ F BTPS ϫ Ch1 (Ch2-Ch3) Ch3 (Ch1-Ch2) volumes (expressed as ml/m 2 of body surface area) derived from sea level norms (Polgar and Promadhat, 1971 ; Polgar and Weng, where V added is the volume of air added to the 1979). The difference between the expected spirometer, F BTPS is the conversion factor to and observed values were the major analyticorrect the values of atmospheric tempera-cal variables. ture and pressure saturation (ATPS) to body temperature pressure saturation (BTPS),
Estimates of occupational activity level and Ch1, Ch2, and Ch3 are the concentrations of helium read at various points in the The subjects were asked about their parrebreathing period.
ticipation in organized sports and physical The protocol for measuring residual vol-activity (i.e., soccer, basketball, swimming, ume consisted of four steps. First, the spi-bicycling, tennis, and hiking). Each particirometer was emptied and then filled with pant was specifically asked how many times 600 ml of helium, and when the concentra-per week he/she participated in an organized tion reached approximately 7-8%, the value athletic activity. Based on this information, was recorded as Ch1. Second, the spirome-the subjects were classified into three ter's bell was emptied, and when it became groups: Low level: sedentary individuals who stabilized was filled again with 2 L of ambi-did not regularly practice any sport (alent air (V added ), after which the bell was though some subjects were occasionally inturned on. Once this mixture attained a new volved in organized activities such as dance equilibrium, the concentration of helium groups); medium level: individuals who parwas recorded as the Ch2 value, and the vol-ticipated in organized sports on a given ume present was inscribed on the paper rec-school or college team, but such activity took ord as a reference line for terminating the place less than 3 times per week; high level: test. Third, approximately 1.5 L of 100% oxy-individuals whose employment was characgen was then added to the system, and this terized by a high level of daily activity (e.g., volume was inscribed on the paper. Then the agricultural workers), or subjects who were subject began breathing through the mouth-members of organized sports teams at school piece with a nose clip in place and then or college and the activity occurred more switched into the rebreathing system at nor-than 3 times per week (e.g., basketball, mal end expiration. Fourth, the subject con-swimming, and soccer team members). tinued rebreathing until the oxygen consumed brought the end-tidal expiratory point in the respiratory cycle to the inscribed Statistical analysis reference line. The stable helium concentraThe data were analyzed using parametric tion, after the subject was switched out of and nonparametric procedures. First, bethe rebreathing circuit, was noted as the Ch3 cause there were significant differences in value. Finally, the FRC was calculated using the age of the samples and age is correlated the above-mentioned formula. Residual volwith anthropometric dimensions and lung ume was calculated as the difference bevolumes, all inter-sample comparisons were tween the expiratory reserve volume and adjusted for age by covariance analysis. Secfunctional residual capacity.
ond, the variables that were not normally Total lung capacity. Total lung capacity is distributed were converted to z-scores (norvital capacity ϩ residual volume. Based on malized) or logarithmic transformations in this information, the proportion of residual order to determine the statistical signifivolume to total lung capacity [(residual vol- cance of the observed differences and ume/total lung volume) ϫ 100] was calculated for each subject. The lung volumes (cor-inter-relationships.
RESULTS
and Bolivians of foreign ancestry acclimatized to high altitude since birth (AHAB), General characteristics during development (AHAG), or during Tables 1 and 2 give the general character-adulthood (AHAA). However, in terms of reistics of the samples. As expected, the Bolivi-sidual lung volume, foreigners acclimatized ans of foreign ancestry acclimatized to high during adulthood (AHAA) have significantly altitude during development (AHAG) dif-(P Ͻ 0.05) lower residual volumes than all fered significantly in age at arrival and other groups. Bolivians of foreign ancestry length of residence at high altitude from acclimatized to high altitude since birth high altitude urban natives (HAUN) and Bo-(AHAB) and during development (AHAG) livians of foreign ancestry acclimatized to attain similar residual lung volumes as that high altitude since birth (AHAB). In terms of HAUN but lower than that of HARN. Valof body size for males, all four groups were ues for total lung volume follow the same significantly taller and heavier than high pattern. The relative size of the residual lung altitude rural natives (HARN). Similarly, volume is also significantly (P Ͻ 0.01) the HAUN and AHAB were significantly smaller in the foreigners acclimatized durshorter than AHAG and foreigners acclima-ing adulthood (AHAA) compared with the tized to high altitude during adulthood HARN or HAUN. (AHAA). In terms of skin color, the Bolivians Table 4 presents lung volumes for females of foreign ancestry acclimatized to high alti-where vital capacity is expressed in absolute tude since birth (AHAB) or during develop-terms (ml) or adjusted for body size (ml/m 2 ) ment (AHAG), did not differ from foreigners and age is quite similar in all four samples. acclimatized to high altitude during adult-The residual lung volume and total lung volhood (AHAA), but all three samples were ume follow the same pattern. Similarly, the significantly lighter (i.e., higher skin re-relative size of the residual lung volume is flectance values) than high altitude rural na-also significantly (P Ͻ 0.01) smaller in the tives (HARN). In males, high altitude rural foreigners acclimatized during adulthood natives (HARN) had significantly higher (AHAA) when compared with the HAUN. scores of occupational activity than the four samples. On the other hand, in females the DISCUSSION scores for occupational activity level of high Lung volumes and developmental response altitude urban natives was significantly A unique feature of high altitude natives is lower than those of the subjects acclimatized their enlarged residual lung volume. The fact to high altitude during growth (AHAG) and that AHAB and AHAG had residual lung volduring adulthood (AHAA).
umes that were similar to high altitude natives suggests that this characteristic, to a Lung volumes large extent, is the result of developmental acclimatization to high altitude (Frisancho et Figure 1 illustrates lung volumes of the five samples compared with that expected at al., 1973; Frisancho and Greksa, 1989) . As illustrated in Figure 2 , among Bolivians acclisea level. These data show that all samples, irrespective of origin or acclimatization sta-matized to high altitude during development (AHAG), about 20% (r ϭ .44) of the variabiltus, have larger lung volumes than those predicted from sea level norms. Further-ity in residual lung volume can be explained by age at arrival to high altitude. On the other more, the increase is more evident in vital capacity than in residual lung volume and hand, variability in vital capacity is not influenced by variability in age at arrival to high is greater among the high altitude rural natives than in the other samples.
altitude (r ϭ 0.19 of males and 0.18 for females). Additionally, as shown in Figure 1 , in Table 3 presents the non-adjusted and age-adjusted means and standard errors for males the altitude-associated increase in residual lung volume compared with sea level vital capacity, residual volume, and total lung volume for males and females, ex-norms is inversely related to acclimatization status, so that those subjects acclimatized pressed as simple milliliters of air or as ml/m 2 of body surface area. The following during growth attain similar values as those of high altitude natives (HAUN). On the other points are evident. Vital capacity (adjusted for body surface area) of high altitude urban hand, the increase in vital capacity is not related to acclimatization status. Similarly, the natives (HARN) is significantly greater than that of high altitude urban natives (HAUN) inverse relationship between an altitude-re- Fig. 1 . Altitude-associated increase in lung volumes among high altitude natives and subjects acclimatized to high altitude. In both males and females the increase in residual lung volume is significantly greater among the subjects acclimatized to high altitude during growth (AHAG) than in subjects acclimatized during adulthood (AHAA). ) to age at arrival to high altitude. While the altitude-associated increase in residual lung volume is inversely related to age at migration to high altitude, the vital capacity is not. lated increase in lung volumes and acclimati-flectance (Fig. 3) . These data suggest that about 20-25% of the variability in residual zation status is not well defined in females. This differential response of females is puz-lung volume at high altitude can be explained by genetic factors associated with zling. It is quite possible that it may be related to variability in occupational physical activ-skin color, while variability in vital capacity is probably related more to environmental ity and body fat. Although the relationship of occupational variability and lung volumes than genetic factors. On the other hand, among females skin color reflectance is not was the same in males and females, the range of variability in occupational activity level correlated with residual lung volume. Due to the fact that the Bolivians of foreign ancestry and body fat was greater in females than in males. Therefore, since lung volumes are re-were selected specifically so as not to include subjects with indigenous admixture, there lated to body composition and activity level, it is possible that the difference in occupational is, as expected, no correlation between lung volumes and skin reflectance. activity and body fat may override altitude acclimatization effects.
Lung volumes and sibling similarities Lung volumes and skin reflectance
Among the Bolivians acclimatized to high altitude since birth and during growth Previous studies have demonstrated that (AHAB and AHAG), sibling correlation coefskin color as measured by skin reflectance ficients for residual lung volume are signifiis under genetic control (Harrison, 1961) . It cant (Table 6 ). Although not statistically sighas been shown that variability in skin color nificant within the high altitude urban reflectance is the result of the additive efnatives (HAUN), there is a positive relationfects of 3-5 loci (Byard, 1981) and that 50-ship among siblings. These data together 70% of the variability in skin reflectance is suggest that in general 21-27% of the varidue to a heritable additive genetic compoability in residual lung volume at high altinent (Frisancho et al., 1981; Post and Rao, tude may be explained by genetic factors 1977). Based on this information, Greksa shared by siblings. (1992) has used measurements of skin reflectance to evaluate the role of genetic facLung volumes and occupational activity tors in the acquisition of lung volume in high altitude subjects. As such, skin reflectance Tables 7 and 8 compare lung volume by occupational activity level for males and fecan be used as a proximate marker of genetic differences.
males. These data show that in both males and females, there is a direct relationship As shown in Table 5 , in both the high altitude rural and urban natives (HARN and between occupational activity level and vital capacity, so that the higher the occupational HAUN), residual lung volume but not vital capacity is inversely related to skin color re-activity level, the higher the vital capacity 
